Electric-field-induced resistive random-access memory (RRAM) has received much attention as a promising candidate for next-generation non-volatile memory applications. 1 In particular, programmable metallization cells (PMCs), which are based on electrochemical reactions of Cu or Ag anions in a solid electrolyte, have attracted considerable interest owing to their simple structure, rapid ionic movement, nanometer-scale conducting bridge, and low on-state resistance. [2] [3] [4] Moreover, PMCs offer excellent scalability ($4F   2 ) and lower resistivecapacitive (RC) delay. Thus, they are suitable replacements for the current static-random-access-memory-(SRAM-) based field-programmable gate array (FPGA) technology embedded during back-end-of-line (BEOL) processing of complementary metal-oxide-semiconductor (CMOS) devices. 4, 5 Chalcogenide materials, e.g., Ge x Se 1Àx , 6 Ag-Ge x S 1Àx , 7 and Cu-doped GeTe, 8 are typically used as the solid electrolyte in PMCs, since they have the high diffusion characteristics of Cu or Ag ions, yielding low operating voltage and high speed. Furthermore, Ge 2 Sb 2 Te 5 (GST) is considered a promising candidate for the switching layer because of its compatibility with a 3-D CMOS stack and excellent scalability. 9, 10 Moreover, GST can be used as a thermoelectric heater and thermal barrier, which can improve memory performance. 11, 12 However, low-voltage programming adversely affects the retention characteristics of chalcogenide-based PMC devices, giving rise to the voltage-time dilemma. 1, 13 Furthermore, FPGA applications require a high resistance ratio and a higher turn-on voltage than the operating voltages of CMOS devices during logic operation. 4 To address these problems, we introduce a nitrogen-doped GST (N-GST) layer as a solid electrolyte in PMC applications.
To form the bottom electrode (BE), Pt/Ti/SiO 2 layers were consecutively deposited on an 8 00 Si wafer. A 250-nm via hole was defined by using photolithography and reactive ion etching. Next, the solid electrolyte was deposited by rf magnetron sputtering with a stoichiometric Ge 2 Sb 2 Te 5 target in Ar ambient. To increase the resistivity of the GST layer, nitrogen gas was added to the Ar ambient during sputtering by changing the Ar/N 2 ambient ratio. Finally, a Cu top electrode (TE) was deposited on the GST layer using DC sputtering.
Figure 1(a) shows the current-voltage (I-V) hysteresis curve of the Cu/GST/Pt stack measured using an Agilent 4155 A semiconductor parameter analyzer, where the active area was confined to the via hole. A voltage was applied to the Cu TE while the Pt BE was grounded. The counterclockwise current flow is indicated by arrows: 1!2!3!4. When a positive voltage was applied to the TE, the current increased abruptly (SET). A negative voltage decreased the current (RESET). Figure 1(b) shows a double-logarithmic plot of I-V hysteresis in the positive bias region. The plot shows ohmic behavior with a slope of 1 in both states, suggesting that the conduction is due to the formation of metallic filaments. Moreover, Fig. 1(c) shows an extracted memory window for various TE materials; memory switching occurs only when a Ag or Cu TE was used. These results suggest that the resistive switching behavior of the Cu/GST/Pt stack can be attributed to Cu ion migration via electrochemical redox reactions depending on the electric field in the inter-electrode GST layer, similar to other chalcogenide-based PMC memory devices. For SET operation, the formation of Cu metallic filaments produces a low-resistance state (LRS). In contrast, annihilation of Cu filaments under the opposite bias polarity induces a highresistance state (HRS), as illustrated in the inset of Fig.  1(c) .
2-4,6-8 Additionally, the GST layer is known to have thermoelectric heating and thermal barrier characteristics. Thus, it can minimize the heat loss and enhance the speed of Cu ion movement during switching operation, resulting in lowvoltage operation and rapid switching. However, excessively low-voltage operation due to additional thermal heating/barrier characteristics of GST degrades the retention characteristics. Therefore, the resistance ratio and retention characteristics should be improved for adoption in FPGA applications as a logic switch.
To address these major problems, we replaced the pure GST solid electrolyte with N-GST. Nitrogen-doped GST is widely reported to exhibit suppressed crystalline grain growth and increased resistivity; these changes improve the endurance of phase-change memory.
14 Figure 2 (a) shows the I-V behavior as a function of the nitrogen ratio in N-GST. The resistance value clearly increases with increasing nitrogen content. The calculated resistance of pure GST is 25.7 MX, whereas 30%-doped N-GST showed a much greater resistance of 3.85 GX at 0.5 V. This confirms the higher HRS value of 30%-doped N-GST, which makes it a suitable solid electrolyte for use as a switch element in FPGA technology. Plane-view transmission electron microscopy (TEM) with diffraction modes confirmed that the structure of the 30%-doped N-GST layer was amorphous, as shown in the inset of Fig. 2(c) .
To investigate the effect of nitrogen doping on GST films, we conducted x-ray photoelectron spectroscopy (XPS) and Raman spectroscopy using a 100 Â 100 lm 2 square pattern. Figure 2(b) shows the Ge 2p 3/2 core-level XPS spectra of GST and 30%-doped N-GST films. The main peak signal of Ge-Ge bonding appeared at a binding energy of $1217.9 eV for the undoped film, whereas the dominant peak signal of Ge-N bonding appeared at $1218.9 eV for the 30%-doped film. 15 The inset clearly shows that the N 1s peak signal was observed in the N-GST film.
To determine the local structure, we measured the Raman peak intensity of GST films as a function of nitrogen doping ratio (inVia Raman microscope, Renishaw Systems Ltd.) using an Ar þ ion laser (k ¼ 514 nm and power ¼ 2 mW). As the nitrogen doping ratio increased, the peak intensity at 152 cm À1 clearly decreased, as shown in Fig. 2 
(c).
This peak intensity is attributed to the symmetric stretching vibration of Te-Te bonding or the vibrational modes of the Sb 2 Te 3 pyramidal structure in pure GST films. 16, 17 Since nitrogen incorporation increased the number of Ge-N bonds, the atomic structure of GST changed locally, reducing the Raman peak intensity at 152 cm
À1
. Therefore, nitrogen incorporation in GST films generates Ge-N bonds and effectively suppresses crystalline grain growth, increasing the resistance.
The cross-sectional TEM image in Fig. 3(a) shows that a Cu/30%-doped N-GST/Pt stack having a via hole 250 nm in diameter was fabricated. Figure 3(b) shows the I-V hysteresis curves of a Cu/30%-doped N-GST/Pt sample and a Cu/GST/ Pt sample. Because of the incorporated nitrogen, the HRS value of the N-GST stack is about 4000 times larger than that of the GST stack; thus, the resistance ratio ( >10 7 ) also increased dramatically. Moreover, the SET voltage also increased from 0.6 V to 2.7 V. This is crucial because it should be larger than 1 V, which is the operating voltage of the logic circuit, in order to prevent circuit operation errors in FPGAs. 4 The existence of Ge-N covalent bonds decreases the diffusion speed of Cu ions into the N-GST film, due to diffusion barrier characteristics of nitrogen. Compared to the pure GST, N-GST has also fewer vacancy sites, so diffusion of Cu ions is more difficult. Thus, the critical electric field, which requires the formation and thermal dissolution of Cu metallic filaments by electrochemical reactions in the N-GST film, is increased. Therefore, an appropriate SET/RESET operating voltage was obtained by suppressing Cu ion migration.
Conventional FPGA technologies have large area consumption ($120F   2 ) and large on-state resistance ($1 kX). In contrast, the corresponding values for PMC switches ($4F   2 and <1 kX, respectively) make them a desirable replacement for SRAM in FPGA technology. Their low on-state resistance improves performance by reducing the RC delay time. Furthermore, the improved resistance ratio ( >10 7 ) of the Cu/ N-GST/Pt device, along with its other advantages, presents possibilities for switching elements in PMC-based FPGAs.
Figure 3(c) shows the pulse endurance characteristics of Cu/30%-doped N-GST/Pt devices over 100 repeated cycles (Agilent 81104 A pulse generator). To obtain the resistive switching characteristics, a V set pulse of 4 V/10 ls produced an LRS, and a V reset pulse of À2 V/10 ls induced an HRS. A 1 kX serial resistor was connected during SET operation to prevent electrical breakdown of devices providing the compliance current. The inset displays the stable pulse endurance characteristics on a log scale for up to 10 4 cycles. Moreover, stable retention characteristics were maintained with an excellent memory window (10 7 ) at 85 C for more than 10 4 s [ Fig. 3(d) ]. We attribute the excellent resistive switching performance to nitrogen doping of the GST film, which increases the HRS value and improves the film's stability by suppressing Cu ion migration. These results suggest that a simple metal-insulator-metal stack having a small area consumption (4F 2 ), low on-state resistance, and AC endurance, with an extremely high resistance ratio, would fulfill the requirements for FPGA technology.
In summary, we investigated the resistive switching characteristics of nitrogen-doped Ge 2 Sb 2 Te 5 , which is proposed as a solid electrolyte for PMC devices. The nitrogen in the GST film generates Ge-N bonds, as confirmed by XPS and Raman analysis; this improves the resistivity and stability of N-GST films. As a result, excellent switching behavior was demonstrated in a Cu/N-GST/Pt cell having an appropriate operating voltage, high resistance ratio (>10 7 ), and stable retention characteristics. Therefore, the Cu/N-GST/Pt PMC device shows promise as a switching element candidate for next-generation FPGA applications. 
